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Abstract
Thcpotcntial of tllcscll~icordllctil~g  mrl~~~lrld ~-Zn4Sb3  for
tllcrmoclcctric  cncr~y conversion was invcs!igatcd.  I’lc
(Ilcrrnoclcclric  properties were rncasurcd  on bol-pressed
samples charactcrimlby  x-ray and microprobe analysis. All
samples had p-type conductivity and the thcrnmckctlic
pmpcrtics  of the samples were rncasurcd  bctwccn  room
tcmpcraturc  and 400°C. Exceptionally low lhcnnal
conductivity values were measured and the room tcmpcmturc
Iatticc thcrnral  conductivity was estimated at 7 n)W cnr_’ K-’.
11 igh figures of merit were obtained bctwccn  200 and 400°C
and a maxinmm dimensionless thcnnoclcctric  figur-c of merit
ZT of about 1.3 was obtained at a tcrnpcraturc of 400°C.  l’t~
slability of the compound was investigated by
il)crl~)ogra~~in~cttic  s(udics  and showed t M the samples were
s[ablc under Ar atrnosphcrc  up [o about 400°C and up to
250°C in dynamic vacuum. l’hc high tl~nnwlwtric
prfonnancz  of &Zn&b3  in the 200 to 400”C tcmpcratum
range fills the gap cs(ablishcd  in the ZT spectrum of ptypc
slate-of-the-art thcrrnoclcmic  materials bctwccn BijTc3-based
alloys and PbTc-based alloys. This matcnal,  rc]ativc]y
incxpcnsivc,  could bc used in more cfticicnt  thcnnoclcctric
gcncralors  for waslc  heat movcry  and automobile indumy
app]icat ions, for example.

introduction
Tlcnnockctric  generator-s convert heat energy  directly into
electrical energy without moving parts. They are reliable,
operate unatlcnckd  in hos(ilc  environments and arc also
cl~i~irol~tl~clltally  friendly. However, their applications lUWC
been limited until now bccausc of the relatively low cfflcicl~
of the thcnnochxt ric rnatcrials  as well as their relatively high
cost. Ncwf more cflicicnt  rnatcrials  should bc dcvclopcd  in
order to expand the range of applications of thcrmodccbic
gcnmtors.  For applications such as heat ICCOvcry  from
processing plants of combustible solid waslc, the materials
have also 10 bc incqxmsivc  enough to make the tllcrnmclcctric
power gcm.mtion  a viable option. Many ncw potential
applications of thcnnoclcctric  generators have been recently
dcscribcd  ill the Iitcraturc.  For many of the.sc applications, tbc
heat source tcmpcratum  ranges trctwccn 100 and about 400”C
whcm there cxis(s  a gap in Z,TS bctwccn  Ihc low tcmpmtorc
stale-of-tbc-art Ilxmnoclcch-ic materials (13izTc3-based alloys)
and the intcrmcdiatc  tcmpcraturc  nratcrials  (}’bTc-based alloys)
a n d  1’AGS (1’c-Ag-Gc-Sb).  M]crcforc,  it is inqwtant  t o
develop cfflcicnt  thcrmoclcc(ric  matcriats  in this tcmpcra(urc
Iwgc.

Flascd  on Iitcraturc data and theoretical considerations, several
ncw malcrials  were invcsligatcd  over the past fcw years as
potential ncw thcnnoclcctric  materials at JPI,. Several of these
ncw materials luvc s h o w n  inlcrcsting  potcntia] for
thcrmoclcclric  applications [ 1]. As part of this broad search for
more cfticicnt  thcrrnoclcctric  materials, wc have prcparwi  and
invc.sligatcd  the properties of the srmiconducting compound
13-Zn,Sb3.  Three compounds have bun  WCI1 identified in the
systcm  Zn-Sb:  ZnSb slablc up to tbc nlclting  point (546°C),
Zn3Sb2, mctastablc,  and Zm1Sb3,  s table,  which  m e l t s
congruently at 566°C [2,3]. For Zn~Sb~, three modifications
arc known:  a.-, ~-, y-Zn~Sb~ which arc slablc  below -lO°C,
bctwccn  -10 and 492”C,  and above 492”C, rcspcctivc]y.  ~hc
phase diagram has been rc-investigated by Mayer ct al. [2]. ~
Zn&b3 is an hexagonal rhombohcdric compound, space group
R3C writh  a L- 12.231 ~ and c = 12.428  ~ [2,4]. The unit ccl]
contains 66 atoms.
A fcw investigations of the clcdrical  and thcnnoclcctric
properties of ~-ZmSb3  wcrt pcrfonncd  [4-5] but the results
were sometimes contradictory. Some at(cmpts  were also made
to dope the compound with various in~puritics  [7]. ~hc
optical properties wrcrc investigated and an optical band gap of
about 1.2 CV was measured [4], in agrwncnt  with some
cst inrat  ions Inadc from h i g h  tcmpcraturc  e]~{rjca]
mcasurcmcnts  [5]. To our knowledge, the only thcnnal
conductivity data available in the literature was published by
Spitzcr [8] who rcporlcd  a room tcnlpcratm  Ialticc thcnnal
conductivity value of 6.5 rnw cnil K“’ on a po]ycwstallir~
sample of unknown density.

Expcrirncntal
SingJc phase, polycrystallinc  hot-pressed samples of ~-ZnSb3
were prepared from prc-reaclcd mixtures of zinc (99.99990/0
purv) and antimony (99.999% pure), I’hc samples (about 12
mm in diameter and about 2 cm long) were of good
mechanical strength, The density of the san~J~lcs  was measured
by the inuncrsion tcchniquc  using tolucnc  as the liquid. ~hc
density of the hot-pressed sample was typica]ly  bctwmn 9S
and 97°/0 of the thcoletical  dcnsi(y.  lIIC microstructure of the
samples, polished by standard mctallographic  tcchniqucs, was
invcs(igatcd  using a Nikon optical micmsco~  under both
ordinary and pcdarimd  ligh[,  I“hc rnicroprobc analysis of
SCICClCd samples was performed on a JIiOl,  JXA-733
supcrprobc.  XRD analyses WCIC  pcrfonncd  On a Sicn~cns D-
500 diffmcton~ctcr  Ilsing  CU-Ka radi:ltion  with silicon as a
s[andard.  I’hc thermal cxJ)ansion  coc~icicn(  was measured
using a s(anrl:ird dilatonlctcr.
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. Rcsis[ivity  and 1 lall  cfkcl nlcasurcmcnts  were cmduclcd  on
samples bctwccn  room kxnpcraturc  and about 400°C.  ‘1 IC
nigh tcmpcmturc  rcsislivity  (p) was mcmurcd  using the van
dcr Pauw (cchniquc  with a currcn(  of 100 n]A using a spc.cial
]Iigh tcmpcraturc  apparatus [9]. The Hall coctKcicn[  (Ill!) was
Incasurcd  in 11x same apparatus with a conslanl  magnetic field
\al uc of 8000 Gauss. Assuming a scattering factor of 1 in a
si tlglc  carrier schcmc, the carrier density was calculated from
the }lall cocfflcicnt  by p = l/RH e where p is the density of
IIOICS and c is tl~ electron charge. The }Iall mobility (plr)  was
calculated from the I Ian cocfflcicnl  and the resist ivity  wrlucs
by p!! = RIi/p.  ‘l”hc  error was cstimalcd  ai i 0.5°A and i ?04
f o r  Illc rcsis(ivi(y  a n d  }Iall COcfflcicnt mcasurcmcnls,
rcspcctivc]y.  The %cbcck Cocfflcicn( of tllc sanlplcs  w a s
)l~casu~-cd on the same samples used for rcsistivity  and 1 lall
cocfficicn[  mcasurcmcnts  using a high tcmpcraturc light pulse
lcchniquc [10]. The error of mcasurcmcnts  of the Sccbcck
coefficient was estimated to bc ICSS than i 10/O. I’hc tlmmal
conductivity of the samples was calculated from tln
cxpcrimcntal  density, heat capacity and thermal diffusivity.
3’IIc heal capacity and thermal diffusivity  wcrt measured using
a flash diffusivity  tcchniquc [1 1 ] and the overall error in the
thermal conductivity mcasurcmcnt was about f 10°/0,

Results and Discussion
A total of about 30 samples were prepared and their propcIlics
measured, All saJnplcs  had ptyfw conductivity and wcw
]Icavily  doped with similar thcrmoclcctric  propcrlics and lil(lc
variation in carrier conccntra[ion. The typical rom
tcmpcraturc  properties of hot-pressed (3-7,mSbJ arc Iistcd in
Table 1. The Hall mobility and Sccbcck cocfllcicnt  values arc
relatively Iargc at this doping lCVC1. Hall mobility values in
the order of 1000 cn~ V’ s“] wm rcporlcd by Ugai C( al. [5]
at a doping lCVCI of 8.8 x 1017 cn~-3 but WCJC in contradiction
to soJnc results obtained later also by Ugai ct al. [6]. l’t~
Conqdcxity  of the Zn-Sb phase diagram makes the preparation
of single phase samples difllcult  and might explain the
discrepancies in the results. Unfortunately, no dciails  wcru
given by Ugai ct al. [S] on the composition analysis of their
WJ1l])]CS.

_Etbk-L SOIUC roonl  tcmpmturc  properties of @ZmSbj
Property ~-Zn,SbJ

Mching point (C) 566 [2,5]
Type of formation from the melt COIlglUCJlt  [2,5]
Structure type hcxa. rl~om.  [2,3]
Nunlbcr  of atomshnit  CCII 66 [2]
1 ,atticc  parwnctcr a==12.231, c=12.428~  [2,]
X-ray density (g cni3) 6.077
Thcnnal  expansion cocfllcicnt  (C”’) 1.93 x 10”5

1 tncrgy  band gap (cV) 1.2 [3,4]
Conductivity type P
Elcc{rical  rcsistivity  (nL2 cm) 2
IIall mobility (cn)2 V1 S-l) 30

1 lall carrier conccntmtion (cnr_3) 9 x 10’9

Sccbcck  coefficient (pVK”l) 120
‘1’hcralal  conductivity {JJ]W cnil K“’) 9. . —.

l’ypical tcnlpcraturc  dcpcJ3dcJm  O f  t h e  t~wnmcl~lric
propcrlics  of hot-pressed ~-Zn~SbJ  saJnp]cs  arc sl)own la F’ig.

1 (electrical resistivity),  Fig. 2 (Sccbcck  cocfficicnt),  and Fig.
3 (m’cr  factor  Values). The Wbcck cocfflcicnl  and electrical
rcsis(ivity  incrcasc  up to about 350°C where an onset of
mixed conduction SCCJIK to appear, ]Owcring tile cktrica]
rcsistivity  and Sccbcck  cocfficicnt,  Ilowcvcr, tllc intrinsic
behavior is difficull  to establish definitively bccau.sc  of the
small tcmpcraturc range where it SCCJllS  tO OCCUr.

Mcasurcmcnts  were l imited to 400”C bccausc  o f
transformation from the ~ to y phase at higher tc[npcraturcs.
I’hc results  of the Scdcck COCffiCiCIlt  nwwrrcmcJlts  arc in

agrccn~cnt with the results of Ta icro c1 al. [4]. A maxinurm?po~vcr fac[or of 12.S  JIW cm-’ K“ was calculated at 3500C.
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E@ILL Typical Sccbcck cocfficicn[ values as a function of
tcmpcraturc  for p-type j3-Zn~Sb~

Fig. 4 show’s the thermal conductivity values of fLZnlSbj
bctwrccn room tcmpcraturc  and about 250°C. q’hc ialucs for
state-of-the-ar-t p-type thcrmoclcctric  materials Pbl’c-  and
}lill’cJ-based alloys as WC1l as ‘f’AGS (lk-Ag-Gc-Sb alloys)
arc also slmvn  for com xrrison.  3’hc room tcmpcralurc  value is
about  9 n~W cm-l IK’ f o r  fi-~,njSb3  salnplcs,  I’ltc tllcnnal
conductivity dccrcascs  to about 6 n~W cm”l K“’ at 250°C.
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E&t.rQL  Typical thermal conductivity values as a function of
tcnqxmturc for p-type ~-ZnLSbJ. Results arc cmnparcd  to
stalc~f-the-arl p-t ypc thcrrnoclcct  nc rnatcrials  PbTc- and
llizTcJ-based alloys, and also TAGS (Tc-Ag-Gc-Sb  alloys).

1 ,ow thermal conductivity is onc of the most interesting
fcaturu of ~-Zn.$b~. This is the lowest of all lhc
thcnnoclcclric  mmrials known unli]  now. As wc mentioned
before, the only value reported in the ]itcraturc  for ~-Zn.&bJ
was a room tcmpcraturc  latlicz thermal conductivi~y  of 6.5
nlW cm-’ K“’ 18] rncasurcd on a polycrystallinc  sample. Wc
calcu]atcd  a room tcmpcraturc lat[icc  thermal conductivity by
subtracting the electronic componcni  to the total thermal

conducthity. Wc found a value of 7 n~W Cm’] K-l, in good
agrccmcnt  with the litcm(urc  results, The thcrnral conductivity
values for ~-Zn~Sb3 arc typical of glass-like materials. This is
duc to its complex crystal structure and also most  likely to
the prcscncc  of some antislructurc  defects rcsul(ing  in a highly
clisordcmt struc[urc. } lowcvcr, glass-like malcria]s  hmc
usually high electrical rcsistivity such as T13ASSC3  [ 12] which
is IIot dcsiddc  to achicvc high figure of merits. q“his is not
the case for ~-7,n~Sb3,  In this compound, there is a unique
conlbinalion  of low [Ilcrmal  conductivity and good clcc(ric:il
rcsistivily  ~vhich makes it a very inlcrcsting  thcrmoclcctric

rnalcrial. q’hc awllysis  of the low thcrm?l  conduc[i\’ity values
will bc the object of a separate publication,
‘1’hc dimensionless (hcrmoc]cctric  figure of mcril ZT is a
function of tlc clcc(rical  rcsistivity  (p), tlrc Sccbcck cocfticicnt
(u) and the lhcrmal  conductivity (k):

Zl” = a2/pk ( 1 )

‘1’hc  ca[cldatc.d  flgum of merit for scvcml  p-type fKh~4Sb3 arc
sliown in l;ig,  5. I’his  figure Sho}vs  that  there is a gap
bc[wccn the low tcmpmturc  stale-of-the-art thcrmoclcc[ric
malcrials  (lli;l’cAascd  allqs) a n d t h e  intcnncdiatc
Icnpxi(urc materials @)Tc-b:iscd alloys) and TAGS (I’c-Ag-
Gc-Sb).  f)-[ypc ~-.Zn& fills i[i this gap in the 200 to 4000C
tcmpmturc range.
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~ lJin~cnsionlcss  figure of merit ZT as a function of
tcmpmturc  for several p-type ~-ZmSbJ samples. Results arc
compared to state-of-the-art p-type thcnncdcctric  matcnals:
PbTc-  and Ili2Tc3-based alloys, and TAGS (l& Ag-Gc-Sb
alloys).

Although TAGS have also a good thcnnoclcctric  tigurc  of
merit in this tcmpcralurc  range, they have been lit[lc  used duc
to their high sublimation rate and low temperature phase
transition [ 13]. q’licrll~ogmt~ill)ctric  studies have shown that ~
Zn4Sb3  samples did not 100SC any weight at all under argon
atmosphere up to about 4000(7 and for Up to 6 hours.
Elcclrical  rcsis(i~’ity mcasu rcmcnts wcrc cmduc(cd  a s  a
function of time in dynamic vacuum. It was found that no
sigliificanl  variations in electrical rcsis[ivity  was observed for
Samples maintaincci  at a tcmpcraturc  of 2500C for Up to 5
days. Microprobe analysis of the samc wnlplcs  did not show
any dissociation of the samples. }Iow’ever, for higher
tcmpcraturcs,  some parlial decomposition was observed in
d~l~amic  vacuun) and sonic  ZnSb inclusions were dctcctcd  by
nucroprobc analysis, ‘1’hc stability of the samples was also
tested by annealing sanq)lcs of ~-Zn,Sb3 in scaled quartz
ampoulcs  under a:gon or vacuum at 400°C for about 5 days.
]n botli cases,  no significant CIM~gCS in tlrc e l e c t r i c a l
rcsistivity  was found  before and after the anneals and
mitt-oprobc analysis of tile ani]calcd san~p]cs  shotvcd  tl)a( no
dissociation \vas obscr}cd,  P-type ~-i’, nfSb3 has the highest
thcrmoclcc(ric  flgurc  of mcril  in the 200” to 4000C tclnpcralurc



ran.gc. Further improvcmcnls  of the figure of merit could
likely bc obtained by optimizing the doping h-xc] of the
samples. Also, for many applications using tknnoclcc[ric
gcncratorx,  the cosl of tlc malcrial is imporlant.  &ZndXr3 is
rclalivcly incxpcnsivc Compared (0 state-of-tkc-ail
lhcnnoclcctric  malcrials.
‘1’licrc  am many polcntial  applications for lhcrrnoclcc(ric
gcncmtors  u s ing  ~-Zrr,$b~.  Onc of thcm is waslc  hca[
rccovcry, Large efforts in Japan have been rcccntly ini(iatcd  to
cicvclop thcnnoclcciric  power gcncrat ion s}fslcms  to rccovcr
u’astc heat from various sources: solid waste, gcothcnnal,
power plank and automobile [ 14]. Many potential
app] i cations have hcd sources in the 100 to 400°C
lcmpcraturc  range ~~’here the &ZnSbJ thcrmoclcctric  pmWJlics
am optimal. For example, a study of a ihcrmoclcctric
generation systctn  using the waste heat of phosphoric acid fuel
CCIIS  was rcccntly proposed [ 1 S]. in this systcm,  the hot side
of the heat source is al a tcnqmmn-c of about 200°C and the
cold side is at room tcmpcmturc. Ano[hcr  potential
application was also rczcntly dcscribcd  using gcothcnnal  heat
from Noflh Sca oil platforms [16]. Itcat sources with
tcmpcraturcs  bctwccn  10010 200”C art available form these
oil platforms and the potential usc of a tlrcnnoclcdlic
generator 10 mvcr this heat was dcscribcd. q“hc actual rwd
for more ctllcicnt  and clcancr  cars has rcsullcd in a strong
interest from car manufachrrcrs in recovering t]c waslc  1K2X
gcncratcd  by tlrc vchiclc  exhaust to rcplacx or supplement the
alternator [17-1 9]. The tcmpcralurc  range for t kc applications
would bc in the 100 to 400°C tcmpcrat  urc range wlcrc high
Z1’ values have been measured on @uSbJ,  and the rclat ivcly
low COS( of this nratcrial  rnakcs it an cxccllcnt  candidate for
these applications.

Conclusion
Thcrmoclcdric  propcrlics  of ~-ZmSbJ were measured on hol-
prcsscd sample.s. Exccp[ionally  low thermal conductivity were
measured and a maximum ZT value of 1.3 was measured al
400°C,  The good thcrmoclcctric  pcrfonnancc  of ~-ZnAb3 fills
a gap cxisling in ZT values bchvccn  the low tcnrpmturc
state-of-the-arl thcrmoclcctric  rnatcnals  Bi2Tc3-based alloys
and the inlcrmcdiate  tcrnpcraturc  rnatcrials  PbTc-based alloys
and TAGS (Tc-Ag-Gc-Sb).  The stability of the matcnal was
shldicd and it was found that Ihc thcrrnoclcctric  properties
remain stable up to 400°C under static vacuum and argor~.
This material, relatively incxpcnsivc,  could bc used in
thcrmoclcdnc  and gcncratorx  and a brief description of the
numerous potential applications was given.
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